There is strong demand for dynamic windows, which reversibly darken upon application of a voltage, both for energy saving and aesthetic reasons. The use of metals, which are excellent attenuators of visible light, as the optically active material in dynamic windows is an intriguing, yet little explored approach due to the difficulty of reversibly and uniformly electrodepositing metals. We construct robust dynamic windows that possess neutral color, high contrast, and excellent durability based on the uniform reversible electrodeposition of metals. formly switch between a transparent state ($80% transmission) and a colorneutral opaque state (<5% transmission) in less than 3 min. These devices switch at least 5,500 times without degradation of optical contrast, switching speed, or uniformity. Taken together, these results indicate that dynamic windows based on reversible metal electrodeposition are a promising alternative to those using traditional electrochromic materials.
HIGHLIGHTS Robust dynamic windows based on reversible metal electrodeposition constructed
Tunable transparency with fast switching times and high optical contrast Uniform metal electrodeposition over 25 cm 2 achieved using an inert seed layer
No detectable deterioration in uniformity or contrast after more than 5,000 cycles
INTRODUCTION
There is burgeoning interest in commercializing dynamic windows that enable electronic control of visible light and solar energy. Two companies recently raised more than $600 million in private investments based on the potential of dynamic windows to increase occupant comfort and energy efficiency. 1, 2 In buildings, dynamic windows result in an average of 10% energy savings over static low-E windows due to reduced lighting, heating, and cooling costs. 3, 4 In addition, dynamic windows look substantially better than windows with blinds and are far more likely to be adjusted optimally since they can be automated with a computer and incorporated into smart homes and the Internet of Things. Dynamic windows can also be implemented in the sunroofs of vehicles and in switchable sunglasses, which would outperform those using passive photochromic glasses that darken upon exposure to UV light.
The properties of metals make them ideal light-modulating materials for dynamic windows. Due to their high extinction coefficients, metals are highly opaque at thicknesses of only tens of nanometers, 5 which allows for the construction of windows with excellent optical contrast. Additionally many metals are chemically inert, photostable, and color neutral. 6 Dynamic windows with metal as the optically active material utilize the reversible electrodeposition of a metal on a transparent conducting electrode. During window tinting, electrochemical reduction of a colorless cation of a metal salt in the electrolyte of the device to a solid thin film of elemental metal
Context & Scale
Controlling lighting and heating through the use of dynamic windows substantially decreases the energy consumption of buildings. Currently, dynamic windows are commercialized on only a small scale due to problems associated with durability, color, switching speed, and cost. Most dynamic windows utilize electrochromic materials, which change their transmission properties upon application of a voltage. The vast majority of research on dynamic windows over the past four decades has focused on transition metal oxides or polymeric materials as electrochromic materials. The use of metals, which are excellent attenuators of visible light, as the optically active material in dynamic windows is an intriguing, yet little explored alternative approach. In this work, we construct robust dynamic windows that possess neutral color, high contrast, and excellent durability based on the uniform reversible electrodeposition of metals.
occurs. Oxidation of metal hidden behind the frame of the window balances this reduction reaction. The net result is the reversible electrochemical movement of metal between the two electrodes of the device.
Despite the ideal properties of metals, dynamic windows based on reversible metal electrodeposition that simultaneously exhibit fast switching times, good durability, tunable transparency, and chemical stability have not yet been demonstrated. The difficulty of reversibly and uniformly electrodepositing metals on a transparent substrate over a large area is the key challenge hindering the development of metalbased dynamic windows. As a result, in lieu of metals, most dynamic windows use electrochromic materials such as transition metal oxides or polymers, which change their transmission characteristics upon application of a voltage. 7, 8 However, despite significant private funding and decades of academic research, electrochromic windows are not commercialized on a large scale due to problems associated with color, cost, durability, and switching speed. 9 Other dynamic window technologies include polymer dispersed liquid crystals (PDLCs) and thermochromic windows. 10, 11 While an attractive feature of PDLCs is that they switch within milliseconds, they switch between a transparent state and a bright hazy state whereby light is scattered. This haze makes them unsuitable for any application in which maintaining a window view is important. Thermochromic windows, which switch in response to a temperature change, are also less than ideal due to a lack of user control.
Dynamic windows based on reversible metal electrodeposition are less explored than those using chromogenic materials or PDLCs. Devices only 1-4 cm 2 in area utilizing various Ag-based electrolytes have been the most investigated, but suffer from poor durability or Coulombic efficiency. [12] [13] [14] The most promising transparent conducting electrodes for dynamic windows are glass surfaces coated with thin films of indium tin oxide (ITO) or fluorine-doped tin oxide (FTO) due to their high transparency, low sheet resistance, and low cost. 15 However, the surface conductivities of ITO and FTO are not uniform due to heterogeneous surface chemistry. 16 For this reason, the nucleation of metal electrodeposits on ITO or FTO surfaces is difficult to control and frequently results in nonuniform metal electrodeposition. Nonuniform deposition results in light and dark portions of the window during switching, yielding a window that is only optically uniform when there are enough metal electrodeposits across the entire electrode area to render all portions of the window completely opaque. Therefore, the problem of nonuniform deposition precludes the construction of a dynamic window that possesses tunable transparency. For example, reversible metal electrodeposition has been used to elicit binary tunability for display applications. 17, 18 In other words, each segment of the display could only switch between completely opaque and completely transparent without any intermediate control of transparency.
In this paper, we develop 25-cm 2 dynamic windows based on the reversible electrodeposition of Cu-Pb or Cu-Ag that switch uniformly between transparent ($80% transmission) and opaque states (<5% transmission) in less than 3 min. The devices consist of an ITO working electrode modified with Pt nanoparticles anchored via a self-assembled monolayer (SAM) of 3-mercaptopropionic acid and a metal counter-electrode frame. The Pt nanoparticles enable uniform electrodeposition by facilitating nucleation across the area of the ITO electrode. Metal electrodeposition occurs preferentially on the inert Pt seed layer, providing a stable platform for reversible metal electrodeposition over many cycles. This architecture enables us to construct dynamic windows with a nontoxic gel electrolyte that cycle at least 5,500 times without degradation in uniformity or optical contrast.
RESULTS AND DISCUSSION
Electrolyte Selection for Electrodeposition Electrolyte composition dramatically affects the uniformity and reversibility of metal electrodeposition. 19 Water is an ideal solvent from which to reversibly electrodeposit metals due to its ability to dissolve many metal salts at high concentrations and to disassociate metal cations from their counter anions. Although reversible nonaqueous electrodeposition is feasible under certain conditions, 20 high-deposition overpotentials are common due to increased ion pairing in organic solvents, which frequently leads to undesirable side reactions. The temperature range of the solvent used in dynamic windows is an important consideration for practical device operation. While the 0 C-100 C range for water is acceptable for most building applications in which the interior temperature is controlled, this range is unsuitable for use in automotive glass. Even for elevated temperatures below the boiling point of water, a high electrolyte vapor pressure necessitates that the device is well sealed to prevent solvent loss. The range of aqueous electrolytes could be extended through the use of antifreeze or cross-linked gels. Due to their advantageous electrochemical properties, we chose to develop aqueous electrolytes as a starting point for dynamic windows utilizing reversible metal electrodeposition.
With water selected as a solvent, we next identified promising metals to electrodeposit. The selected metal ions must electrodeposit at a voltage more positive than that of H 2 production from water. Under standard conditions, the thermodynamic voltage of H 2 production from water versus the standard hydrogen electrode (SHE) varies with pH according to the equation: E = À0.059 V 3 pH. Less noble metals with more negative standard reduction potentials are more difficult to electrochemically reduce and thus electrolytes containing these metals are more likely to suffer from H 2 production as a side reaction, with the exact voltage limits determined by the solution pH and the overpotentials of the two competing reactions.
Another attribute that affects the utility of a metal electrodeposition system is the oxophilicity of the metal. More oxophilic metals have a greater propensity to form passivating metal oxides on the surface of the metal once they are electrodeposited, which leads to irreversibility. In addition, highly oxophilic metals more readily form insoluble hydroxides or oxides in solution under relatively basic conditions.
One important metric of dynamic windows is coloration efficiency, which is the electrode area that can be switched to a given optical contrast per unit of electrical charge passed. A higher coloration efficiency means the window can operate at a lower current density for a given switching speed. This lower current density results in less Ohmic drop across the electrodes, which is advantageous for maintaining metal electrodeposit uniformity. Given the extinction coefficient, oxidation state, and molar volume of a metal, the coloration efficiency of a metal electrodeposition system can be computed using the Beer-Lambert relationship. 21 Table 1 lists the theoretical coloration efficiencies for different metals at 600 nm assuming a completely uniform film and a contrast ratio of 60%.
Considering the oxophilicity, coloration efficiency, reduction potential, and cost of different metals in Table 1 , Pb is a promising metal for reversible electrodeposition given its high theoretical coloration efficiency and low oxophilicity. Since Pb is one of the most ineffective catalysts for H 2 production, 24 an electrolyte for Pb electrodeposition will have a much wider voltage range than its standard potential suggests. An additional benefit of Pb is that reversible electrodeposition systems are already well explored in the context of Pb-acid batteries. 25 We therefore selected Pb as a proof-of-concept electrodeposition system for dynamic windows. Table 1 indicates that Ag also has promising electrochemical properties, so we developed devices with this metal as a nontoxic alternative to Pb. For both systems, we coelectrodeposited Cu. In the presence of Cl À and other additives, Cu improves the uniformity of codeposited metals through a mechanism mediated by Cu(I). 26 Although electrodeposition of pure Cu can be conducted with good uniformity, the red color of Cu is undesirable for window applications, and hence we electrodeposit Cu and a second metal in this work.
Cu-Pb Electrolyte
The Figure 1 shows the transmission of a Pt-modified ITO-on-glass electrode inside a spectroelectrochemical cell containing the Cu-Pb electrolyte as it is electrochemically Figures 1A and S1 ). Auger electron spectroscopy reveals that Pt, In, Sn, and O are present on the Ptmodified ITO electrode as expected and that the metal thin film contains 85% Cu and 15% Pb when electrodeposited at À0.35 V (see Figure S2 ). Alternatively, increasing the deposition time to 40 s allows for additional metal deposition to occur, causing the transmission of the electrode to decrease to 1%-2% from 400 to 2,500 nm (see Figure S3 ). This result demonstrates that the electrodeposited metal can be made highly opaque to both visible and infrared light, giving an electrode contrast ratio of $90%.
After metal deposition, we switched the voltage of the electrode to +0.65 V to oxidize Cu and Pb to Cu 2+ and Pb 2+ . The dissolution of the metal electrodeposits causes the transmission of the cell to return to its original 92% value within an additional 15 s (see Figure 1A) . Importantly, the spectral response of the electrode remains relatively flat across all wavelengths measured during the switching process (see Figure 1B) , resulting in a color-neutral opaque state.
Evaluation of Cycle Life
We next evaluated the cyclability of the Cu-Pb reversible electrodeposition system. Figure 2A displays the maximum and minimum transmission values at 600 nm of a Ptmodified electrode as it switches between transparent and opaque states. Each cycle consists of applying a potential of À0.35 V for 60 s to induce metal deposition followed by +0.45 V for 60 s to elicit metal dissolution (see Figure S4 ). For the Ptmodified electrode, the contrast ratio remains around 50% over the course of 1,000 cycles. By increasing the deposition voltage to À0.55 V and depositing for only 15 s, we maintain reversible electrodeposition with a contrast ratio greater than 60% over the 4,000 cycles tested (see Figure S5 ). At an even higher deposition voltage of À0.75 V and a correspondingly smaller deposition time of 10 s, the electrode initially exhibits a high contrast ratio of $90%. However, this contrast ratio steadily decreases over 1,000 cycles (see Figure S6 ). Rapid nonuniform electrodeposition occurs at this high voltage, resulting in rough porous deposits, which are difficult to electrochemically dissolve during the subsequent stripping steps. 29 These results demonstrate that although increasing the magnitude of the deposition voltage decreases the switching speed of the electrode, the reversibility of the system cannot be maintained at higher deposition voltages. More importantly, with properly selected voltages reversible metal electrodeposition can be sustained for at least several thousands of cycles.
In contrast to a Pt-modified electrode switched using a deposition voltage of À0.35 V, an electrode without Pt exhibits poor cyclability using the same deposition voltage. The minimum transmission of an electrode without Pt increases steadily to $70% after 1,000 cycles, which corresponds to a contrast ratio of only 20% (see Figure 2B) . Therefore, the presence of a Pt layer on the electrode significantly enhances the durability of the electrodeposition system.
Morphology of Metal Electrodeposits
To probe why a Pt layer increases the durability of the Cu-Pb electrodeposition system, we interrogated the morphology of the Cu-Pb electrodeposit as the electrodes cycle using scanning electron microscopy (EM). During the first cycle of metal electrodeposition on a Pt-modified electrode, dense platelet-like structures of Cu-Pb grow on the electrode surface (see Figure 3A) . The morphology of the electrodeposit remains relatively consistent after 1,000 cycles (see Figure 3B ), indicating that the electrodeposition and stripping processes are reversible. Cyclic voltammetry (CV) measurements using Pt-modified and unmodified ITO-on-glass electrodes demonstrate that Cu and Pb nucleation occurs more facilely on Pt than on ITO (see Figure S7 ), indicating that the Pt serves as a seed for metal nucleation. On an electrode without a Pt seed layer, a low density of sphere-like Cu-Pb particles grow on the electrode during the first cycle of deposition (see Figure 3C ). As the electrode switches over 1,000 cycles, these spheres break up into increasingly smaller particles with dramatically altered morphology (see Figure 3D ). Taken together, these results demonstrate that the uniform distribution of stable nucleation sites imparted by the Pt layer enables reversible electrodeposition with consistent morphology. 
Coulombic Efficiency
Although the change in transmission during switching of the Cu-Pb system is 100% reversible, the calculated Coulombic efficiency for a CV of the solution (see Figure S8) is 90%, indicating that one or more side reactions occur. Two common side reactions in aqueous metal electrodeposition systems are the electrocatalytic reduction of H + to H 2 and the chemical oxidization of metal to metal oxides by O 2 . 30 The formal potential for the H 2 evolution reaction at the pH of the Cu-Pb electrolyte (À0.48 V versus Ag/AgCl at pH 4.5) is more negative than the range scanned in the CV experiment, indicating that this reaction is thermodynamically impossible under these conditions. To test whether oxidization of the metallic film by O 2 occurs, we performed CV of the Cu-Pb system under N 2 atmosphere (see Figure S9 ). Under N 2 the calculated Coulombic efficiency for the electrodeposition and stripping processes is 99.9%, indicating that the oxidization of the Cu-Pb film by O 2 to metal oxides is the primary side reaction that takes place when the voltammetry is performed in air. These metal oxides can then react with Cl À in the electrolyte to form oxychloride species, which can dissolve back into the electrolyte. 31, 32 As a result, the transmission of the electrode is completely reversible even though the Coulombic efficiency is not 100% when the electrode is switched in air.
Two-Electrode 25-cm 2 Dynamic Windows Using a Nontoxic Cu-Ag Electrolyte
Having established a promising Cu-Pb electrodeposition system in a three-electrode cell on a small scale (3 cm 2 ), we next developed practical 25-cm 2 two-electrode dynamic windows using a Cu-Pb gel electrolyte (see Figure S10 ). These devices consist of an ITO working electrode modified with Pt nanoparticles and a Cu metal counter-electrode frame with a glass backside (see Figure 4A ). We subsequently substituted the Pb-containing electrolyte for one containing nontoxic Ag. This water-based electrolyte contains hydroxyethylcellulose to increase solution Using this electrolyte and device architecture, we constructed robust and colorneutral 25-cm 2 dynamic windows (see Figure 4B ). Upon application of À0.6 V, metal deposition on the working electrode causes the initial 81% transmission of the device at 600 nm to decrease to <20% after 30 s and to <5% after 180 s (see Figures 5A and 5B). Switching the voltage of the window to +0.8 V restores the original transparency of the device within $70 s. We also tested the long-term stability of the transparent and opaque states of the dynamic window. In its opaque state, the transparency of the window fluctuates less than 1% over 24 hr when a small current is applied to oppose self-discharge (see Figure 5C ). Since only a negligible amount of power is required to keep the window opaque over 24 hr ($130 nW/cm 2 ) and no energy is consumed to keep the window transparent, significant power ($350 mW/cm 2 )
is only needed when switching the device (see Figure S11 ). The long-term durability of the dynamic window is also excellent. The contrast ratio elicited by 20 s of metal electrodeposition stays relatively constant, ranging from 47% to 53% for the duration of the 5,500 cycles tested (see Figures 5D and S12) . Importantly, the transmission profile across the 25-cm 2 working electrode remains uniform throughout the 5,500 cycles (see Figures S13-S15 ), allowing the window to be stopped at any desired intermediate state at any point during cycling.
Optical Properties
The transmission of a dynamic window utilizing reversible metal electrodeposition as it cycles is intimately related to the morphology of the growing metal. For a completely uniform compact metal film, the Beer-Lambert law indicates that the transmission of an electrode will exponentially decrease with respect to the thickness of metal electrodeposited. 21 From the amount of current passed during Cu-Pb electrodeposition (see Figure S16) , the average thickness of metal electrodeposited as a function of deposition time can be inferred, assuming a completely uniform layer forms. The expected transmission of the electrode can then be calculated through a simple application of the Beer-Lambert law. This ''uniform'' model (see Figure 6C , red) drastically overestimates the actual opacity of the device as it switches (black). This discrepancy arises because the morphology of the electrodeposited metal is not uniform and instead consists of ''pillars.'' As each pillar grows, it affects the overall transmission of the device less.
To account for the nonuniform morphology of the metal, we used atomic force microscopy (AFM) to map the height of the metal electrodeposits. The AFM results reveal the same platelet-like morphology found using scanning EM (see Figure S17) . By recording AFM images as a function of electrodeposition time (see Figures 6A and S18) , the growth of the metal deposits can be tracked in three dimensions. We transformed each pixel of the AFM images to a Beer-Lambert transmission value based upon the pixel's height. The result is an exponential inversion of the AFM image (see Figure 6B ). The overall transmission of the electrode is then modeled by calculating the average transmission across the entire area of the AFM image. The blue points in Figure 6C show that the resulting model accurately predicts the transmission of the electrode after 6, 12, and 30 s of electrodeposition. However, the modeling result deviates from the measured electrode transmission after 2 s of electrodeposition. In this case, the electrodeposit consists of many small (100-200 nm) unconnected metal particles, which give rise to plasmonic effects not accounted for in the model. Nonetheless, the model demonstrates that the transmission of the electrode does not follow a simple application of the Beer-Lambert law and can only be accurately predicted by accounting for the morphology of the metal deposits. Moreover, the more gradual change in transmission observed with respect to deposition time renders it easier to obtain spatially uniform transmission.
Measurement of the transmission and reflectance in an integrating sphere (see Figure S19) indicates that when the dynamic window is opaque (<5% transmission), only $20% of visible light is reflected while the remaining $75% of light is absorbed. At first glance, this behavior appears anomalous for metal films. For optically smooth metal films, a majority of incident light in the visible and infrared ranges is specularly reflected. However, the electrodeposition process discussed in this work does not form smooth metal films. Rather, electrodeposition forms aggregates of poorly connected metal particles with dimensions on the order of the wavelength of visible light (see Figures S20 and S21 ). Mie theory suggests that particles of this size will not primarily backscatter specularly as would a bulk metal film, but will instead scatter in many directions. 33 Multiple scattering events from the many particles that compose these electrodeposited metals significantly increase absorption probability, yielding the highly absorptive behavior observed from integrating sphere measurements.
Comparison with Electrochromic Materials
The majority of commercial dynamic windows utilize transition metal oxides, the most common of which is WO 3 . We suggest that the reversible metal electrodeposition systems reported in this work represent a competitive alternative. Whereas WO 3 switches between colorless and blue, 34 metals can be color neutral. Both the metal windows developed here and those using WO 3 have minute-order switching times and several-thousand-cycle lifetimes. The dynamic windows we constructed have a color efficiency of $90 cm 2 /C (see Figure S22 ) at a contrast ratio of 60%, which is comparable with the color efficiencies of those using WO 3 . Future improvements in the contrast ratio could be made through the use of electrodeposition leveling agents or modified seed layers that increase the uniformity of the metal film. Moreover, we anticipate that dynamic windows harnessing reversible metal deposition will be substantially cheaper than those using transition metal oxides. Metal oxide electrochromics are typically constructed by sputtering active layers hundreds of nanometers or microns thick on both electrodes of the windows, a process which is expensive on the large scales needed. 35 In contrast, the optically dynamic components of the windows developed here are entirely solution processed. Additionally, whereas electrochromic windows must contain two transparent conducting electrodes, the dynamic windows presented in this work utilize only one transparent conducting electrode, which should further decrease materials and fabrication costs. Since only nanometers of Pt and Ag are used in these devices, the cost of these metals in the windows will not be significant. For example, a 1-ft 2 window with a 50-nm-thick layer of Ag and a 3-nm-thick layer of Pt would contain less than $0.20 worth of Pt and less than $0.03 worth of Ag. For all of these reasons, dynamic windows based on reversible metal deposition represent a promising alternative to electrochromic windows that merits further research and development. Dynamic windows were constructed in either three-electrode or two-electrode configurations. Three-electrode devices utilized an ITO-on-glass or Pt-modified ITO-onglass working electrode, Pt wire counter electrode, and Ag/AgCl reference electrode. The immersed geometric surface area of the working electrode was 3.0 cm 2 , and electrochemical cells were assembled in a 4.5 3 2.0 3 1.0-cm glass cuvette (G205, CuvetteShop.com). Cu foil served as both the counter and reference electrodes in the two-electrode devices. The aqueous liquid Cu-Pb electrolyte consisted of 100 mM Pb(ClO 4 ) 2 , 10 mM Cu(ClO 4 ) 2 , 10 mM CuCl 2 , and 1 M LiClO 4 and was used for experiments when the deposition voltage was À0.35 V. A more concentrated electrolyte containing 1 M LiClO 4 , 100 mM Pb(ClO 4 ) 2 , 50 mM Cu(ClO 4 ) 2 , and 50 mM CuCl 2 was used when more negative deposition voltages were explored. All Cu-Pb electrolytes were cycled 100 times between +0.45 V and À0.55 V at a scan rate of 5 mV/in a three-electrode cell before use. The Cu-Pb gel electrolyte contained 3.3% hydroxyethylcellulose by weight.
EXPERIMENTAL PROCEDURES
Two-electrode experiments utilized 25 cm 2 Pt-modified or unmodified ITO-on-glass working electrodes and a Cu-Ag gel electrolyte. To make the Cu-Ag electrolyte, we prepared a solution nominally containing 10 mM AgClO 4 , 15 mM Cu(ClO 4 ) 2 , and 1 M LiCl in H 2 O. After filtering away insoluble solids, a gel was formed by agitating a suspension containing the Cu-Ag liquid electrolyte and 3.3% hydroxyethylcellulose by weight. Either butyl rubber sealant or an ethylene-propylene-diene monomer rubber O-ring separated the two device electrodes.
Pt nanoparticles used to modify the working electrodes had average diameters of 3 nm and were purchased from Sigma-Aldrich. For working electrodes modified with an SAM of Pt nanoparticles, ITO-coated glass substrates were immersed in an ethanolic solution of 10 mM 3-mercaptopropionic acid for 24 hr. The substrates were subsequently rinsed with ethanol and water before immersing them for 72 hr in a Pt nanoparticle solution that was diluted 1:3 with H 2 O. After Pt immersion, the substrates were rinsed with water, dried with an N 2 gun, and used immediately in device construction. Cu tape was used to make electrical contact to the working electrode.
Transmission spectra recorded were measured with an Ocean Optics USB2000 spectrometer coupled with an Ocean Optics halogen light source (HL-2000-FHSA). Scanning EM images were obtained using an FEI XL30 Sirion microscope operated at an accelerating voltage of 5 kV. Auger electron spectroscopy was performed using a PHI 700 Scanning Auger Nanoprobe using a 10 kV/10 nA beam voltage/current. AFM images were recorded using a Park Systems XE-70 instrument. Optical images were taken with a Casio EXILIM Pro EX-F1 Compact Digital Camera. To quantify uniformity, we obtained grayscale photographs during switching, with the only source of illumination coming from a uniform light source behind each window. Reflection measurements were measured using a Jasco Model V670 UV-Vis-NIR spectrometer equipped with a 60-mm integrating sphere. 
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